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013.12.0Abstract Pollutant gases emitted from the civil jet are doing more and more harm to the environ-
ment with the rapid development of the global commercial aviation transport. Low environmental
impact has become a new requirement for aircraft design. In this paper, estimation method for emis-
sion in aircraft conceptual design stage is improved based on the International Civil Aviation Orga-
nization (ICAO) aircraft engine emissions databank and the polynomial curve ﬁtting methods. The
greenhouse gas emission (CO2 equivalent) per seat per kilometer is proposed to measure the emis-
sions. An approximate sensitive analysis and a multi-objective optimization of aircraft design for
tradeoff between greenhouse effect and direct operating cost (DOC) are performed with ﬁve geom-
etry variables of wing conﬁguration and two ﬂight operational parameters. The results indicate that
reducing the cruise altitude and Mach number may result in a decrease of the greenhouse effect but
an increase of DOC. And the two ﬂight operational parameters have more effects on the emissions
than the wing conﬁguration. The Pareto-optimal front shows that a decrease of 29.8% in DOC is
attained at the expense of an increase of 10.8% in greenhouse gases.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.Open access under CC BY-NC-ND license.1. Introduction
In these decades, with the rapid development of the global
commercial aviation transport as well as the raise of people’s
environmental protection consciousness, the emissions of84896671.
.cn (Y. Wang), yinhailian@
aa.edu.cn (S. Zhang), yxq@
orial Committee of CJA.
g by Elsevier
ing by Elsevier Ltd. on behalf of C
08aircraft have increasingly become a very important issue.
And in accordance with the European Union Emissions Trad-
ing Scheme, starting on January 1, 2012, all airlines ﬂying to
and from EU airports will be charged for carbon emissions.
If carbon emissions exceed what is permitted by its credits,
they have to purchase trading credits from other airlines or
countries.1 Even though many countries oppose this rule now-
adays, not only do the pollution gas emissions have harmful
effect on environment, but they maybe indirectly increase the
operating costs of the aircraft as well in future.
The emissions from aircraft engine include not only carbon
dioxide (CO2), but also nitrogen oxides (NOx), water vapor
(H2O), Hydrocarbons (HC), soot, and other gases.
2,3 These
emitted gases impact on the environment mainly including
two aspects: pollution around the airport and atmosphereSAA & BUAA.Open access under CC BY-NC-ND license.
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of airport are considered.4–6 The International Civil Aviation
(ICAO) proposed the limitation on emissions of HC, NOx,
smoke, and some other gases during standardized landing
and takeoff (LTO) cycle at sea-level. In recent years, the
awareness of the greenhouse effect caused by the emissions
especially during the cruise ﬂight has grown.7–10 The contribu-
tion of aircraft to the greenhouse effect is mainly caused by
CO2, H2O and NOx. According to Intergovernmental Panel
on Climate Change (IPCC) report 1999, the total radiative
forcing may be about a factor of 2–4 larger than the radiative
forcing due to CO2 alone.
11 The greenhouse effect of NOx is
indirect and complicated. The cruise altitude of subsonic air-
plane is usually between the upper troposphere and the lower
stratosphere. When transmitted to or emitted directly into the
stratosphere, NOx acts as catalysts in chemical reactions that
contribute to the depletion of the ozone layer.12,13 When emit-
ted into the upper troposphere, NOx may change the forma-
tion of tropospheric ozone and methane. The impact of H2O
in the form of contrails and cirrus are also sensitive to the ﬂight
altitude. Hence, the relationship between cruise altitude and
greenhouse effect caused by the aircraft is complex.
Recently, another important issue for commercial airplane
design is the cost. For the economic reason, all the airframe/
engine manufacturers and the airliners endeavor to reduce
the cost, especially the Direct Operating Cost (DOC), to keep
ahead of competition. Volders and Slingerland10 researched on
the minimum environmental harm and the minimum DOC of
long range aircraft during cruise ﬂight, by varying the ratio of
thrust to weight and the ratio of weight to wing area. Schwartz
and Kroo14 presented a time- and altitude- varying climate
model and optimized the aircraft for minimum cost, fuel burn
and NOx emissions, separately. Whereas the climate impact
model is not prone to be used for comparison between differ-
ent designs.
This study aims to improve the emission estimation method
at aircraft conceptual design stage, and proposes a measure
parameter used for comparison of greenhouse effect caused
by the emissions from various types of civil jets. Then an
approximate sensitive analysis and a multi-objective
optimization of aircraft design for minimizing greenhouse
effect and minimizing DOC are performed with ﬁveFig. 1 Framework of multidgeometry variables of wing conﬁguration and two ﬂight oper-
ational parameters.
2. Analysis models for civil jet
The multidisciplinary analysis code is a pre-requisite for the
multi-objective optimization in civil jet conceptual design. In
this section, the framework of multidisciplinary analysis is
brieﬂy described, and the analysis models for two disciplines
(emissions and costs) are presented with the detail for the emis-
sion prediction method.
2.1. Multidisciplinary analysis framework
The multidisciplinary analysis code includes several disciplines:
propulsion, geometry, aerodynamic, structure, weight, perfor-
mance, emission and DOCs, as shown in Fig. 1. The disciplines
analysis models are mainly based on empirical formulations
with various statistical data, semi-empirical equations and
the simpliﬁed numerical methods.15,16 In this framework, the
geometric model provides a uniﬁed and comprehensive geom-
etry data for the other models. The models for propulsion,
aerodynamic and weight are the core analysis ones, whose out-
put data are used as the input data in the performance, stabil-
ity and control (SAC), emission and DOC analysis. For the
detail on the multidisciplinary analysis code, refer to Ref.17
2.2. Emissions
2.2.1. Estimation method
The ICAO provides a prediction model for emissions of civil
jet with turbofan engines.4 Emission quantities are computed
using the emission index (EI), which is the mass ratio of emit-
ted gases to fuel burned in units of g/kg, given by
E ¼ EI Wfuel ð1Þ
where E is the mass of some emitted gas per mission, andWfuel
the mass of fuel burned.
The primary greenhouse-effect emissions are CO2, NOx and
H2O. The EIs of CO2 and H2O are determined by the compo-
sition of the fuel and can be considered as constant,isciplinary analysis code.
54 Y. Wang et al.respectively 1237 g/kg and 3155 g/kg. However, the EI of NOx
depends strongly on the combustor conditions. ICAO mea-
sures and publishes certiﬁcation data of EI(NOx) relating fuel
ﬂow or thrust setting for the majority of the turbofan engines.
ICAO provides the EI(NOx) during standardized LTO cycle at
sea-level, including idle, takeoff, climb, and approach operat-
ing conditions, whereas EI(NOx) during cruise are not
measured. Because the cruise emissions directly contribute to
the climate change, the prediction method for this mission is
very important. The Boeing fuel ﬂow method 2 is recom-
mended by Committee on Aviation Environmental Protection
(CAEP),18,19 and it was improved for the aircraft conceptual
design in this paper. In the method, EIs measured during en-
gine certiﬁcation tests are correlated with the fuel ﬂow and
then scaled for ambient temperature, pressure, humidity, and
Mach number.
There are three steps to compute EI(NOx): 1) calculate the
corrected fuel ﬂow RWff for the real fuel ﬂow Wff; 2) plot cor-
rected emission index REI(NOx) against RWff on a lg–lg scale
with the fuel ﬂow data for four throttle settings from the ICAO
databank. REI(NOx) is estimated from the simple point-to-
point linear ﬁtting curve; 3) correct the REI(NOx) back to
EI(NOx).
The fuel ﬂow correction is
RWff ¼ WffdambH
3:8
amb expð0:2Ma2Þ ð2Þ
The EI(NOx) correction is
EI NOxð Þ ¼ REIðNOxÞe19 SH0:0063ð Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d1:02amb
H3:3amb
s
ð3Þ
where damb = Pamb/0.10134, Hamb = (1.8Tamb + 491.67)/
518.67, Pamb is the ambient pressure in MPa, Tamb is the ambi-
ent temperature in C, SH is the speciﬁc humidity, and Ma is
the Mach number.
Since during aircraft design phase the emission data of the
new engine is unknown, this method for computing EI(NOx)
was improved in this study. Firstly, the emission data in ICAO
databank of other engines, which are utilized for similar civil
jets, are used instead of the unknown engine data. Then, be-
cause the relation between fuel ﬂow and EI(NOx) is linear log-
arithmic, the data are plotted with linear least square ﬁttedFig. 2 Fitting curves of EIs.curve on lg–lg scale. This curve is much smoother than the sim-
ple point-to-point linear ﬁtting curve when the number of data
is not small. This theory could be used to calculate the EIs of
CO and HC as well, whereas the ﬁtting results of quadratic
polynomial curve will be better for them, as shown in Fig. 2.
The correcting equations are the same as Boeing method.
2.2.2. Measure of emissions
The greenhouse effects of various emitted gases are different.
During aircraft conceptual design a parameter is needed to
measure the total effect and be compared for different designs
as an objective. The Kyoto Protocol adopts the global warm-
ing potential (GWP) concept as the means of converting all
emissions onto a scale of CO2-equivalents.
20,21 Therefore, after
the emissions of these gases are calculated, the amount of
greenhouse effect is evaluated using the GWP as a weighting
factor. It converts the amount of greenhouse gases in/to equiv-
alent CO2 for the equal global warming or radiative forcing
cumulated over a period of time. GWP value of CO2 is equal
to 1, but the values of NOx and H2O depends on altitude H
as shown in Fig. 3, which is valid at mid-latitudes and summer
atmospheric conditions.
Multiply the amounts of these gases with the GWP value at
every mission altitude, then sum all the values together in a
parameter TGWP as follows,
TGWP ¼
X
j
X
i
ðWfuel;j  EIi;j  GWPi;jÞ ð4Þ
where i and j represent the ith gas and the jth mission segment;
TGWP represents the total amount of emitted greenhouse
gases over a speciﬁed mission proﬁle.
Since the passenger numbers and ranges of various type of
civil jets are different, total emitted greenhouse gas per seat per
kilometer is proposed in this paper for comparison, and given
by
TGWP PR ¼ TGWP
PAX  R ð5Þ
where PAX is the number of passengers, R is the block dis-
tance in kilometer, and TGWP and TGWP_PR are measured
in kg and kg/km, respectively.
2.2.3. Emissions during entire mission proﬁle
The operational mission proﬁle of a civil jet includes takeoff,
climb, cruise, descent, approach, landing, taxi, and so on.Fig. 3 Variation of GWP vs altitude.
Fig. 4 DOC components.
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the LTO-cycle near the airport or the cruise segment. The en-
tire mission proﬁle is considered in this paper. Since the emis-
sions of aircraft highly depend on the ﬂight altitude and the
engine thrust setting, the more detailed mission segments are
divided, the more accurate the emissions estimation is. There-
fore, in this paper three mainly fuel-burned mission segments,
including climb, cruise, and descent, were reﬁned and a piece-
wise analysis method was used to improve the accuracy of
emissions estimation.
The takeoff climb segment from 35 ft (1 ft = 0.3048 m)
screen height to 1500 ft is divided into four smaller segments
according to ﬂap, landing, and engine thrust settings.
Then the climb speed is restricted to 250 kt (1 kt = 0.5144 m/
s) from 1500 ft to 10000 ft. The speed above 10000 ft is increas-
ing from10000 ft to the initial cruise altitude. The distance ﬂown
during both of these phases contributes to the range.
During cruise segment the aircraft has to climb to maintain
high ﬂight efﬁciency because of fuel consumption gradually.
The air trafﬁc control insists on airlines adopting a stepped
climb procedure. For the long range aircraft, several parts of
stepped cruise at various altitudes are needed.
The descent segment is similar to the climb except that the
thrust is less than the drag. The descent speeds are usually
decreasing down to 10000 ft and 250 kt from 10000 ft to 1500 ft.
The entire main mission proﬁle is divided into 14 segments
in this work. And besides takeoff and landing distances, rate of
climb, and range, the performance model provides fuel burn,
fuel ﬂow, and average altitude in each mission segment, which
are used to calculate the emissions from aircraft.
2.3. DOCs
The cost of the civil jet for the airline contains the DOC and
Indirect Operating Cost (IOC). Since most parts of IOC areTable 1 Emission data of the two engines.
Engine Parameter Take oﬀ
(100% thrust)
CFM56-7B27 Fuel ﬂow (kg/s) 1.284
EI(NOx) (g/kg) 30.90
V2533 -A5 Fuel ﬂow (kg/s) 1.426
EI(NOx) (g/kg) 36.48not affected by aircraft design, only DOC is taken into account
in the multi-objective optimization in this work. DOC mostly
includes crew costs, fuel and oil costs, airframe and engine
maintenance costs, airport fees, insurance, depreciation, and
so on. However, the foreign and domestic aircraft manufactur-
ers or airlines have their own DOC categories. In this study,
the total DOC is divided into two categories, ownership cost
and cash cost. The ownership cost mainly includes three items,
and cash cost includes more than ﬁve items,15,22 as shown in
Fig. 4.
In the DOC calculation model, the useful life of a civil jet is
20 years, residual value is 5%, the loan period is 10 years, the
fuel price is RMB 5.0 Yuan/kg, and utilization of the airplane
is 3600 h per year. Most of these parameters are time-depen-
dent due to the economic effect. The data above are just the
approximate values according to the present commercial avia-
tion market in China.
Just like the emission calculation model, the DOC per seat
per kilometer DOC_PR is chosen to be one of the multi-objec-
tives for comparison in the optimization. It is equal to DOC
divided by the product of PAX and block distance, and in
units of RMB Yuan/km. This parameter is inﬂuenced by the
basic conﬁguration and performances of the aircraft, such as
wing area, aspect ratio, engine size, takeoff weight, range,
and cruise speed.
3. Multi-objective optimization
A 162-passenger narrow-body aircraft is taken as an example
for the multi-objective optimization. Its conﬁguration, pay-
load, range, and performance requirements are similar to those
of the Boeing 737–800. The emission data of engine CFM56-
7B27 and engine V2533-A5 in ICAO databank are used for
the aircraft emission estimation. A part of emission data of
these two engines is given in Table 1.
In this optimization, the objectives are to minimize emis-
sions (TGWP_PR) and costs (DOC_PR). There are totally
eight design variables, ﬁve geometry variables of which are
wing conﬁguration parameters. Another two are ﬂight opera-
tional parameters, cruise Mach number and initial cruise alti-
tude. The last one is mass of designed fuel for a speciﬁc
range 5000 km. And there are three more performance require-
ments as constraint in the optimization problem. All the design
variables and constraints are listed in Table 2.
3.1. Sensitive analysis
In this subsection, an approximately sensitive analysis based
on design of experiment is performed to assess the impact of
design variable on TGWP_PR and DOC_PR. The Latin
hypercube method (an efﬁcient sampling method for largeClimb out Approach Idle
(85% thrust) (30% thrust) (7% thrust)
1.043 0.349 0.116
23.70 11.00 4.80
1.1447 0.390 0.1363
28.67 10.83 5.24
Table 2 Design variables and constraints for optimization.
Parameter Lower boundary Baseline Upper boundary
Wing area, S (m2) 110 120 130
Aspect ratio, AR 8.0 9.0 10.0
Ratio of thickness to chord at root, t/c 0.14 0.15 0.16
Sweep, k () 20 25 27
Taper ratio, TR 0.15 0.20 0.30
Cruise Mach number, Ma 0.70 0.78 0.80
Initial cruise altitude, H (km) 9000 10000 11000
Mass of designed fuel, Mfuel (kg) 8000 20100 22000
Takeoﬀ ﬂied length, Sto (m) 1721.1 1700.0
Landing ﬂied length, Sld (m) 1521.9 1600.0
The 2nd climb gradient, c 0.024 0.021
DOC per seat per kilometer, DOC_PR (Yuan/km) 0.230
TGWP per seat per kilometer, TGWP_PR (kg/km) 0.093
Note: Design for a speciﬁc range 5000 km.
56 Y. Wang et al.design spaces) is used for sampling in the 7-dimension design
space with 100 random points. The mass of designed fuel is
not considered here because it is just used to satisfy the speciﬁc
range constraint. Then the linear regression analysis is used to
simply assess the impacts of these 7 design variables. The re-
sults are shown in Fig. 5, and the length of the bar indicates
the percentile effect on the objective.
Fig. 5 displays that the initial cruise altitude H has the
greatest effects on both TGWP_PR and DOC_PR. However,
H has a negative effect on DOC_PR but a positive effect on
TGWP_PR. The effects of cruise Mach numberMa are similar
to that of H. It appears that reducing the cruise altitude and
Mach number may result in a decrease of the global warming
impact, but an increase of DOC. Additionally, Fig. 5(a) shows
that the DOC_PR increases with increasing the wing area S,Fig. 5 Impact of design variable on TGWP_PR and DOC_PR.aspect ratio AR and the swept angle k. Fig. 5 (b) shows that
the TGWP_PR decreases with increasing aspect ratio AR
and the swept angle k, besides, the wing area S and taper ratio
TR have relatively small effect on it.
3.2. Multi-objective optimization
The non-dominated sorting genetic algorithm-II (NSGA-II) is
used to tackle this multi-objective optimization problem. In
the algorithm, population size and number of generation are
chosen to be 80 and 30, respectively. Fig. 6 provides the Pare-
to-optimal front for minimizing both of TGWP_PR and
DOC_PR. It shows the tradeoff between economic perfor-
mance and climate impact. Table 3 lists the detailed data of
two typical optimum designs in the Pareto-optimal front,
which represent the minimum TGWP_PR design and the min-
imum DOC_PR design, respectively.
As shown in Table 3, the minimum DOC_PR design is at-
tained with a smaller area, lower aspect ratio, thicker at root,
and higher swept wing, and by ﬂying at a higher altitude with a
proper Mach number. Compared to the baseline design in Ta-
ble 2, the higher swept and smaller area wing could reduce the
wave drag, and result in the reduction of fuel burn. Conse-
quently, the optimum DOC_PR is only 0.172 Yuan/km. The
cost is reduced by 25.2%, and the TGWP_PR becomes a littleFig. 6 Pareto-optimal front for TGWP_PR and DOC_PR.
Table 3 Optimization results.
Parameter Minimum DOC_PR Minimum TGWP_PR
Wing area, S (m2) 110.0 130.0
Aspect ratio, AR 8.0 10.0
Ratio of thickness to chord at root, t/c 0.16 0.14
Sweep, k () 27.0 20.0
Taper ratio, TR 0.164 0.300
Cruise Mach number, Ma 0.788 0.700
Initial cruise altitude, H (km) 11000 9000
Mass of designed fuel, Mfuel (kg) 10013 21118
Takeoﬀ ﬂied length, Sto (m) 1431 1612
Landing ﬂied length, Sld (m) 1296 1459
The 2nd climb gradient, c 0.049 0.025
DOC per seat per kilometer, DOC_PR (Yuan/km) 0.172 0.245
TGWP per seat per kilometer, TGWP_PR (kg/km) 0.092 0.083
Note: Design for a speciﬁc range 5000 km.
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than 0.788 will result in wave drag increasing extremely, and
then fuel burn and DOC will increase.
The minimum TGWP_PR design is achieved with a bigger
area, higher aspect ratio, thinner at root, and lower swept
wing, and by cruising at quite low altitude and low Mach num-
ber. As shown in Fig. 2, the greenhouse effects from the emit-
ted gases decrease with lowering the altitude, when the altitude
is less than approximate 12 km. And with lowering the cruise
Mach number, the fuel ﬂow of engine and total greenhouse ef-
fects TGWP decrease. In Table 3 the minimum TGWP_PR is
0.083 kg/km. It indicates that compared to the baseline design,
the total GWP per seat per kilometer is reduced by 10.8% for
the speciﬁc range 5000 km. Even though the amount of fuel
burn becomes higher in the minimum TGWP_PR design, the
total environmental impact is lower due to the optimized con-
ﬁguration of wing and ﬂight operational condition.
Comparing the minimum DOC_PR design with the mini-
mum TGWP_PR design, a decrease of 29.8% in DOC_PR is
attained at the expense of an increase of 10.8% in TGWP_PR.
Lowering the cruise altitude and Mach number of the aircraft
has a great effect on reducing the total greenhouse gas emis-
sion. On the contrary, these ﬂight operational conditions could
result in the DOC increase. Furthermore, for the two optimi-
zation objectives, the conﬁgurations of wing are different as
well. It indicates that the aircraft designer and the airliners
have to compromise between the economic performance and
environmental impact. There are still other points in the Pare-
to-optimal front. Their values are between the minimum
DOC_PR design and the minimum TGWP_PR design. They
could be candidates for the designer.
4. Conclusions
(1) The estimation method for emission index is improved.
The data of fuel ﬂow and EI are plotted with linear least
square ﬁtted curve or quadratic polynomial curve on lg–
lg scale. The curve becomes much smoother than the
simple point-to-point linear ﬁtting curve.
(2) The total emitted greenhouse gas (CO2 equivalent) per
seat per kilometer TGWP_PR is proposed to measure
the greenhouse effect for various types of civil jets.And the emission modular is integrated into the overall
aircraft performance program.
(3) The approximate sensitive analysis displays that reduc-
ing the cruise altitude and Mach number may result in
a decrease of the global warming impact but an increase
of DOC. And these two ﬂight conditions have more
effects on global warming than the wing conﬁguration.
(4) A multi-objective optimization of aircraft design for the
tradeoff between emission and cost is performed with
ﬁve geometry variables and two ﬂight condition param-
eters. Comparing the minimum DOC_PR design with
the minimum TGWP_PR design, a decrease of 29.8%
in DOC_PR is attained at the expense of an increase
of 10.8% in TGWP_PR.
In this paper, the inﬂuence of emission permits under the
European Union’s emissions trading scheme has not been con-
sidered in the DOC estimation modular. The DOC prediction
method will be updated in the future works.Acknowledgement
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